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CLOUD CHEMISTRY OF FALLOUT FORMATION 
FINAL REPORT 
by 

J. H. Norman and P. Wine hell 
General Atomic Report GA-7597 


SUMMARY 


A transpiration method was used to measure Henry's law constants 
as a function of temperature for cesium and rubidium dissolved in eutectic 
CaO-Al O -SiO . Diffusidtics of cesium, rubidium, potassium, sodium, 

u J m 

indium, tin, and iodine in this matrix and other matrices were determined 
with either a vaporization method or a plane source-sectioning method. 

Results of calculations obtained by using a Henry 1 s-law-constant 
absorption, condensed state diffusion-controlled calculational model for 
fission product distribution in fallout are presented. This scheme leads 
to the conclusion that fission product fractionation is mainly a property 
of the fallout particle size distributicn and the particle sizes under con¬ 
sideration. Also, deviations of these calculations irom the Miller-model 
type of calculation are considered. 

The stabilities of the alkali metal oxides as determined by Knudsen 
cell-ma.ss spectrometric techniques are reported. The species Cs^Ofg) 
and Cs 0 0 (g), in particular, exhibit a much higher degree of stability 
than has been supposed. 

Electron microprobe ctudies of particles from a seeded Eniwetok 
detonation are described. Thermal and chemical histories of some 

t 

pax tides are traced through dendritic forms, accretion events, occurrence 
of the seeding elements, etc. 

He si ilt s of some leaching studies, as they pertain to the condensed 

ion - controlled, fissiop product absorption model, are presented. 

vii 




INTRODUCTION 


Studies of cloud chemistry and its effects, conducted at General Atomic 
during the past two years,have been concentrated primarily in seven areas: 

1. Measuring high temperature equilibria between fission product 
elements in an oxidizing atmosphere and molten silicates. 

2. Measuring diffusivitiea of these fission product elements in 
these silicates. 

3. Meas uring thermodynamic properties of gas phase species. 

4. Integrating data and concepts into a mathematical description 
of the phenomenology important in describing the distribution 
of fission products in fallout. 

5. Investigating the distribution of fission products in fallout. 

6. Investigating the biological availability cf fission products from 

I ’ .. . 

fallout. 

7. Considering other cloud chemistry phenomena, their l«3.po:*tajacr>. 
and how they might affect the constructed mathematical description. 

These studies have led to a better qualitative and quantitative under¬ 
standing of the fractionation of fission products during fallout formation 
and its effects. 
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S TUDIES OF HENRY'S LAIV CONSTANT S 

INTRODUCTION 

previous efforts to determine Henry's lav.’ constants for cesium in 
silicHtes have been described in earlier reports. ^ ^ ^ Because of 
kinetic dti'ficultie s and other experimental problems encountered in these 

previous studies, an effort has been made to perform transpiration studies 
under more favorable conditions than were used before. The earlier 
tnulapiration studies were made at flow rates between 5 and 2 00 cc Q^/min, 
-where diffusion effects were believed to be rete-limiting. That is, at gas 
flow rates bf leas than i cc./min, diffusion through the capillary was 
vapor pressure measurements, and at rate■ .greater than 
1 ccfftaa, condensed state diffusion was believed to be limiting cesium 
availability. For the present studies, two improvements were made in the 
transpiration system: The first improvement was to greatly reduce the 
diameter of the capillary so that the rate of diffusions! transport of cesium 
through the capillary was lcswered by about a factor of ten. The second 
improvement was to develop a method of data analysis which allowa vapor 
pressure measurements to be made in the pr*§*aCQ of considerable 
diffusioaal flow. 

In order to understand the new method, it is necessary to consider 
the diffusional flow-vapor pressure coupling. Merten^ ha* presented an 
analysis of the dug flow.diffusional flow problem for transpiration studies. 
The result ho obtains by assuming that the vapor flow k (mass transport 
rate in the vapor} through a transpiration capillary of length V and croes- 
a actional area A can be described by 

k - A (vc - Dg) , (1> 
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diameter of the capillary so that the rate of diffuaional transport of cesium 
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In order to understand the new method, it is necessary to- consider 
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the diffueional flcw-vapor p/esiure coupling. Marten hae presented an 
analysis of the slug flow-diffusional How problem for transpiration iitudles. 
The result he obtains by assuming that the vapor flow k (macs trunsporl 
rat* in the vapor) through a transpiration capillary of length K and cross- 
sectional area A can be described bv 


k a A Vc - r V 
















where V is the linear gas velocity, c is the vapor density at any point x 
in the capillary,and D is the interdiffusion coefficient for the carrier gas 
and the vapor. 

Equation (1) can be evaluated for the inlet and outlet capillary boundary 
conditions x = c = and x = 0; c = 0, which lead s to Merten' s final equation 

p = ^[* ■ exp (t!a)] ■ (2) 

where P is the species pressure at x = X, v is the flow rate through the 
capillary in volume units, R is the gas constant, T is the absolute tem¬ 
perature, and M is the molecular weight of the species. This equation 
can be reduced to a type of universal equation for the purpose of data- 
fitting: 


where K = kX RT/DAMP and v = Xv/DA. A log-log plot of Eq. (3) is 
presented in Fig. 1. The value of this particular plot becomes apparent 
when one considers the asymptotes. As v goes toward zero, K goes toward 
unity; and as v goes toward infinity, K goes toward v. To fit transpiration 
data to this equation, one has just to plot the logarithm of the rate of 
transpiration, k, versus the logarithm of the flow rate, v, and fit the 
experimental curve to the universal curve by simple axes translation. 

From this "best fit, " one obtains the "best" experimental values of 
DA/X and MP for the experimental temperature involved. 


EXPERIMENTAL STUDIES OF CESIUM AND RUBIDIUM 

The type of data analysis described above has been used to study the 
vaporization of cesium and rubidium from the 1450°C eutectic CaO-Al^O^- 
SiO^ as a function of temperature at flow rates between 0. 01 and 8 cc/min 
of carrier gas. The carrier gas composition was varied from oxygen to 
argon, to air, and to water-saturated oxygen. 
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The experiment! were performed with the transpiration apparatus 
shown in Fig. 2. A sample of the eutectic silicate loaded with either 
radiocesium or radiorubidium was placed ir. the bottom of the transpiration 
tube. The capillary tube was inserted in the sample-containing tube, 
and the system was then installed in a platinum resistance furnace The 
temperature of this temperature-regulated furnace was measured by a 
series of thermocouples which had been calibrated against a standard 
thermocouple probe placed in a tube similar to the transpiration 
apparatus and similarly located in the furnace. Actual sample temperatures 
wsre then measured with the calibrated thermocouples. During an 
experiment! .the carrier gas v/as passed between the capillary tube and 
the sample tube and into the r .sample region. After, becoming saturated, 
with cesium or rubidium, the gas passed up the capillary. At the erd ot 
the capillary, a mullite tube very effectively removed the alkali metal 
vapor species from the carrier gao. After this tubt w.as, detached from, . .... 
the experimental apparatus, the amount of alkali metal that .was txeaapired 
and caught on the mullite was determined by counting methods and related s 
to the measured flow rate of gas and the specific activity of the alkali 
metal. For *ny subsequent experiment, a new.mullite tube vvae inxtalUd 
to collect more alkali metal vapors, 

Examples of flow rat-", data fnr cesium and rubidium, are plottod in 
Figo. 3 and 4, respectively, with theoretical curves included for comparison, 
Vapor pressure data from the varied-temperature experiments arc pre¬ 
sented in Figs. 3 and 6 for cesium and rubidium in terms of Henry's law 
constants. The equilibrium heats measured for these two systems were 
79 and 63 kcal/mole, respectively, These data appear to be reliable. 

It is interesting to note that measured vapor pressures of rubidium 
did not exhibit a measurable dependence on carrier gas composition, This 
result, which can be seen in Figs. 4 And 6, appeared very controversial when 
it was first achieved. That is, it was believed that the alkali metals were 
dissolved in the silicate as a univalent ion and vaporized as the metal. 
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However, the present data support the concept of the vaporization of a 
compound in which the alkali metal is univalent but is not the hydroxide. 
Since the discovery of volatile alkali metal oxides and silicates, this result 
appears reasonable. The actual species transpired in these studies, 
however, remains unknown. Further studies may help reveal some more 
of the chemistry involved. 

OTHER STUDIES 

A study has been made to demonstrate the low absorption of iodine 

in a silicate from an oxidizing atmosphere. When iodine in was 

passed over eutectic Ca0-Al 2 0 3 -SiC> 2 at 1200°C, the sample was found 

to pick up 0. 07 ppm iodine. Based on an estimated experimental iodine 

-6 

pressure, this sample has a Henry's law constant of 1. 3 x 10 g iodine/g 

silicate-atm iodine at the experimental temperature. This value is even 

lower than that suggested in an earlier report on Henry's law constants in 
(5) 

silicates' ' for the reaction 

1/2 Si0 2 (sol) + l“ + 1/4 0 2 s? 1/2 SiO^ (sol) + 1(g) . 

The experimental and calculated values indicate iodine to be so volatile 

during fallout formation that a more accurate value of the "Henry's law 

constant" would provide essentially no added information. 

Indium transpiration studies have also been attempted. The volatility 

of this element appeared to be very low. In such cases, the actual value 

is unimportant in fallout. Transpired indium was not definitely identified 

in these studies. It was found, however, that platinum metal absorbed 

considerable indium from the 1300° to 1500°C glass even in an oxygen 

atmosphere. Indium studies have been abandoned. 

(5) 

The earlier report on "Henry's law constants" in silicates 

includes values from the studies made at General Atomic and estimates 

for all important fission products and some activation products not 

( 6 ) 

studied. This report plus one on diffusivities and another on the 
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condensed state, diffusion-controlled absorption model will provide infor 
mation to aid in calculating the fate of various nuclides during fallout 
formation according to this model. 




DIFFUSION OF RADIONUCLIDES IN MOLTEN SILICATES 


INTRODUCTION 

In Ref. 2, studies of diffusion in molten silicates were described. 

During the pest two years, diffusion studies have been continued, with 

diffusion coefficients being obtained for the transport of iodine, rubidium, 

o 

potassium, indium, tin, and sodium in the 1450 K eutectic of the 
CaO-Al^O^-SiO^ ternary. Diffusion coefficients have also been obtained 
far transport of cesium in a Nt^O-Al^O^-SlO^ matrix and in a matrix 
having the composition of reinforced concrete. Observation that the com* 
pensatlon law obtains for diffusion in silicates, combined with a correlation 
found between the coefficients in the diffusion equation end the reciprocal, 
effective ionic radius, has lad to a method of estimating diffuslvUies in 
silicates with a minimum of experimental effort, 

METHODS 

The plane sou res technique and the vajporisation technique, as 

described in Ref. 2, were used to obtain thq data contained in the preeent 

report. For the rubidium, Indium, and tin studies, radionuclides 

purchased from Oak Ridge National Laboratory (ORNL) were introduced 

into the aiilcate matrices at the 1% level. In studies involving cesium, 

potassium, and sodium, carrier nuclides were introduced into the silicate 

matrices at the 1% level and then activated by neutrons in the General 

Atomic TRIQA .sector to provide radioactive tracer Isotopes. Attempts 

to directly introduce iodine into the matrices were unsuccessful. However, 

1 30 

this problem was resolved by introducing enriched Te into the silicate 
and activating it in the ORNL research reactor to yield I 131 . Thrri 
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silicates have been used with some or all cf these tracers. The com¬ 
positions of these silicates are gi/er. in Table 1. 

TAble 1 

COM POSIT 101\ S 07 SILICATES USED 
IN DIFFUSION STUDIES 
(in weigh*, perc 'nt) 




Matrix 


Component 

E* 

i RC 1 

AQ^ 

SiO., 

6 2.0 

i 0 i 

i' 4. 0 

■"2°3 

1)47 

i 13 - C: 1 

4. 0 

CaC 

1 22. 3 

; ,i<h 5 

' 

Na 2 0 


2. 5 

22, 0 



10. 6 


MgO 

i 

i 

4. 5 


K ? 0 

1 

b. 6 


Sb 0 

2 3 


0. 02 

L_ i 



m 450°X eutectic. 
*1013°K eutectic. 


All of tneie matricea were glnuy in nature before and alter the 
experiment* except for the RC matrix that wii need in the ic'weet- 
temperaturc experiment. Mitrice* E and AQ rncy be taken a.-? representing 
geologically common ioils, Metrix RC ha* * compoaition similar to that 
of reinforced concrete and certain baiali*. 


RESULTS 


Example* of data obtained with the plane *ourc* technique and the 
vaporization techrique are *hown In Fig*. 7 and 8, respectively. Thc*e 
data have bier, found to exhibit an Arrheniu* dependence of the diffusion 
coefficient, D, which may be written a* 

,-l 


log D = A - BT 
16 


( 1 ) 
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Fig. 8. Example of data from the vaporization technique for radio¬ 
rubidium transport in the 1450°K eutectic of the CaO-Al 0_-SiO 
ternary at 1722°K 








where D ia in crr^ sec and T ia in C K, The coefficient B :b related to 
the activation energy E* by 


E* = 2. 303 RB , 


( 2 ) 


where E* is in kcai mole 


The results of these experiments are presumed i.i Table 2 and in 
Figs, 9 through 16, where all of the data have been treated by the method 

of least squares with unit weighting The uncertainties are for C 

and * 1 0°K for T. The uncertainty for D is not a standard deviation hut 
'includes, for example, compositional uncertainties, ... .... 


. .Table 2 


DIFFUSION COEFFICIENTS FOR TRANSPORT OF 
RADIONUCLIDES IN SILICATES 


Species 

Matrix 

i I 

A 

. 3 

B x 10 

T 

•, •> 

E 

7, 29 

22, 5 

,,C* 

RC 

6, 18 

21, 4 

Rb 

E 

4. 27 

18. 2 

K 

E 

3. 80 

17, 1 

In 

E 

3, 57 

18, 3 

Sn 

E 

2, 49 

15, 7 

. Na 

E 

0, 14 

10, 0 

Cs 

AQ 

-2, 34 

5, 7 


DISCUSSION 


If one considers the value* for A and B gtven in Table 2 and in a pre- 

( 2 ) 

vioua report on diffusion coefficients, one finds that a striking linear cor¬ 
relation exists between these values. This correlation is shown in Fig. 17, 
where the leant squares line drawn through the points was determined to be 

A *0,52 b .5.79 + 3. 564 B x 1C -3 , (3) 

w.th B assumed to be measured sxsctly. The uncertainty that has been 

(6a) 

associated with A is the standard error of estimate which corresponds 
to an uncertainty of a factor ol 3.3 for the diffusion coefficient, a remark¬ 
ably small u. .certainty. ,o 

































Fig, 11, Diffusion coefficients for transport of r&diorubidiom in 
.m.oltan eutectic Ce.0-A1,0,-SiO 
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Fig. 13, . Diffusion cooKLeimti fov transport of radloindtum in molt# 
eut#ctic CaO-Al-O~S10 u#ing th# pUne-sourc# technique 
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Fig, 16. Diffusion coefficients for transport of radiocesium in 
molten eutectic NajO-AljOj-SiO^, Th* daihed curve is an 
extrapolation of previously reported diffuiivity in eutecti". CaO- 
Al 2 0 3 -Si0 2 
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Fig. 17. A:B correlation for diffusion in molten eilicacee obtained 

in thia laboratory 
















It is of interest to compare the results from this Laboratory with 
those reporter by other laboratories. At General Atomic a set of more 
*har 100 (A, B) points, including the 1? from the present studies, has 
beer, compiled. This collection, which is shown in Fig, lfe, includes 
results of studies of the fol’owing nv.clides diffusing in many different 
silicate matrices: magnesium iodine, cesium, rubidium, potassium, 
sodium, lithium, indium, tellurium, tin, antimony, molybdenum, strontium, 
aluminum, calcium, phosphorus, sulphur, silicon, nickel, iron, vanadium, 
niobium,, and a liver, The matricb* range from pimple binary silicate# 
to very complex ones exhibiting a wide range of chemical and physical 
•.properties. The approximate torrperature range covered by the various 
studies wsi 300° to 2QOO°K About 26% of the data are for diffusion of 
sodium in low melting binary# and ternary#. Bocause the sodium d ( nta 
are very aimilar ar.d somewhat repetitious, they have been grouped and 
are represented in the calculations and in Fig, 18 as four points, .A lent 
squares treatment of all the diffusion data yielded 

3 k 10’ 3 6 ■ 9. 4 t '.56 A’, ' (4) 

The standard error oi estimate corresponds to an,uncertainty for the diffu¬ 
sion coefficient of a factor of 3-i tt 1700°K, which tstmi excessive. However, 
considering that the data were reported by many laooratoriai throughout, 
the world, that jeveral experimental techniques were used, and that very 
diverse systems are correlated hers, the overall A:3 correlation is 
ourprieingly good It is notjd that dsrtain subsets of the data exhibit A:B 
correlations which h»ve less cutties thun has the entire collection 

The importance of the A:B correlation to the fallout problem lies 
in its potential vclue as a tool for predicting diffusion coefficients. The 
need f or a means of predicting diffusion coefficients becomes obvious when 
the effort involved in a purely experimental program for determining 
diffusion coefficients for ths largs array of soils and nuclides of interest 
in fallout formation is considered Thue, with the use of the A:B 
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(9.4 + 1.58 A) ±2.6 



Correlation between the coefficients in the diffusion equation, log D 
A - BT“1, for diffusion of nuclides in silicates 









correlation, if a value of A (or B) car. be obtained independently of 3 

(or A), a diffusion coefficient can be predicted for trarspor: of a particular 

nuclide in a particular matrix. It should be emphasized, however, that 

although the A:B cor 'elation seems reasonably matrix-independent, 

individual values of A (and B) are strongly dependent upon composition. 

One secondary result cf the overall A:B correlation is worth noting. 

From Eqs. (1) and (4), one finds that, for the present studies only and 

within the uncertainty of the correlation, all nuclides should have a 

.7 ? -\ o 

diffusion coefficient of ~1Q cm sec at ■—■ 158Q K or a slightly higher 
temperature. It is felt that this is net a trivial result but is associated 
with the nature of the system. 

Evidently, the A:3 correlation found for silicates is only a special 
case of what is called the compensation law or compensation effect, 

Another example of this phenomenon in chemical diffusion is found for 
diffusion in metallic copper^ (see Fig. 19). Other examples are to be 

( s ) 

found in many other types of kinetic processes. As Ruetschi points out, 
the A:B correlation has been observed for kinetics of homogeneous and 
heterogeneous reactions, for diffusion, viscosity, semiconductor con¬ 
ductivity, and electron emission. It has also been observed for dielectric 

(9) , (8) 

relaxation in a variety of glassy materials. ’ Ruetschi ' has published 
a theoretical treatment of the compensation law, He has shown that if the 
potential energy dependence on interatomic distance is enharmonic 
(e, j, , exponential), and if this dependence dees not vary greatly for a 
set of similar processes, a correspondence between A and B should be 
observed, More simply, within a series of compensated reactions there 
is a direct relationship between force constants of a vibrational system 
which is governing the diffusion (In this case) process and the bond 
energies associated with this system 

With the ability to obtain A from B or vice versa established, the 
establishment of either B or A remains Some progress toward simplifying 
this problem empirically hns been made. An empirical approach to the 
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problem of prediction was employed Decause there appears to be only 

very limited theory available with which to r :_ct diffusivities in eilicateo. 

When the data for diffusion of cesium, rubidium, and sodium in matrix E 
from this Laboratory were considered, a linear correlation was observed 
between A (or B) and the reci r rocal ionic radius r V The reciprocal 
ionic radius was chosen as a parameter because binding forces ir. minerals 
are often coniidered on the baaii of the ionic potential Z/r, where Z ia 
the formal charge of a cation and r ia the correaponding ionic radiua, 

On the baaia of the correlation for ceaium, rubidium, and aodiurn, valuea 
of A and B were predicted for potassium before the experimenta for 
potaaalum were initiated. The experimental valuea agreed reaaonably 
with the predicted valuea, &a la ahewn in Fig. 20. Aluo, it waa later 
eatabliahed that the value of A obtained for iodine fitted well in the A:r 1 
correlation for the four alkalies if 1 1 waa assumed to be the diffuaing 
apeciea. Thua, if thla correlation holda in another syatem two me&aure- 
menta will auffice to eatimate diffuaivltiea of many olementa. 

It ia neceiaary to include in any ayetem the multiply charged apeciea. 
Diffuaion meaaurementa have bean made for indium, tellurium, tin, anti¬ 
mony, and molybdenum, but attempt* to include them directly in an overall 
A:Z/r correlation were not aucceaaful. On the baaia of the preaent 
limited data, an empirical effective ionic radiua appears to allow 
representation of multiply charged apeciea, Thua: 

1. For aingly charged specie*, the effective ionic radiua, p, ia 
identical to r. For halide*, r ■ p ia that radiua correaponding 
to the X 1 oxidation atate. 

2. For multiply charged apeciea, th'« effective ionic radiua la 

p ■ 1. 59 r, where r ia that ionic radiua correaponding to the 
moat probable oxidation ctatc in the ailicate at high temperature. 
Thia correlation for the preaent results with matrix £ ia ahowr. in Fig. 21. 
In thia figure, the line drawn through the point* reaulted from a least 
squares treatment of the data which gave 
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RECIPROCAL IONIC RADIUS, r'^A" 1 ) 


Fig. 20. Correlation of coefficients in the diffusion equation, 
log D = A - BT -1 , with reciprocal ionic radius for diffusion 
of cesium, rubidium, potassium, and sodium in molten eutectic 
CaO-Al O^-SiO 
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Fig. 21. Correlation between A in log D = A - BT* with reciprocal 
effective ionic radius for diffusion in the 1450°K eutectic of the CaO- 
A1 O -SiO ternary 
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A *0. 33 = 12. 35 - 1 1, 58 p 


(5) 
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■where the uncertainty la the standard error oi estimate. Thus, from 
Equ. (3) and (5), one obtains 

(leg D) ±0.86 = 12.35 - 11.58 p' 1 -32. 16 * 10 3 T" 1 + 20.53 x IQ 3 p‘ 1 , (6) 


from which the diffusivlty of some particular opeciea in matrix E can be 

found, It is emphasized that Eq. (6) pertains only to the 145Q°K eutectic 

of the CaO-Al^O^ ternary. The coefficients in Eq. (5) may change 

strongly if another matrix is considered, 

If those Ai B, p’ ! cot relations were to hold for another matrix, then 

only two diffusion measurements with two different species at T t ~'1600°K 

need be made with the new matrix in order to make diffusivity predictions 

for other species in this matrix. The value 1, 59 as applied to polyvalent 

species alone is not scientifically pleasing, end it will be necessary to 

attempt to clarLfy the A:p ‘ correlation further. 

-1 

The A:p correlation found in this Laboratory can be tested some¬ 
what. R&lkova^ ^ has reported diffusivities for transport of strontium, 
cesium, potassium, sodium, and lithium in a low melting silicate; for the 
four alkalies at one temperature, her data are given as a linear dependence: 


log D ■ m + np 

From her data and Eqs. (1), (4), and (7), one finds 


(?) 


A ±0. 09 « 0. 36 - 3. 64 o 


( 8 ) 


This result is shown Ln Fig. 22. It is noted that the value for strontium 
is in good agrssmsnt with ths other apecies if o(Sr) ■ !, 59 r(Sr + ^), 

A report treating diffusion in silicates as it pertains to the fallout 
problem is being prepared at General Atomic. Included in this report will 
be a more detailed discussion of the A:B and A;p" correlations and prs* 
dieted diffusivities for a number of important fission products Ln at least 
three silicates. 
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Fifl. 22, Correlation between A in log D ■ A - ST’ with 
effective ionic radiue £cr a low refractory lillcata gJaii. 
from Ref* 10 
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Fig. idTl. Correlation between A in log D ■ A - BT with reciprocal 
effective ionic radlue for & low refractory eiiicate glaii. Data taken 
from Ref. 10 
















STUDIES OF THE THERMODYNAMIC PROPERTIES 


OF GASEOUS SPECIES 


INTRODUCTION 

Interest in the behavior of cesium and rubidium during fallout for¬ 
mation has led to an investigation of the vaporization of the alkali metal 
oxides. During the present reporting period, an article entitled "Knudsen 

Cell Measurements to Determine the Stabilities of Gaseous Cesium and 

( 12 ) 

Rubidium" was written. In addition, an article on the gaseous alkali 
metal oxides is being prepared for submission to the Journal of Chemical 
Physics . 

Silicate studies have been made for the purpose of correlating the 
gaseous cesium oxide studies with transpiration results presented in the 
present report. 

Mass spectrometric studies of the gaseous cerium oxides have been 
initiated, and preliminary results are of considerable interest. 

GASEOUS ALKALI METAL OXIDES 

( 13 ) 

In 1951 Brewer and Mastick calculated the stabilities of the 
gaseous M 2 O alkali metal oxides. Their results suggest that only Li O 
is stable enough to be easily detected. Indeed, they calculated that the 
stability of these oxides decreases in the series lithium, sodium, potassium, 
rubidium, and cesium. Cesium-oxygen bond energy was calculated to be 
12 kcal/mole. In studies performed under the present contract, a 
measured value of 69 kcal/moie was obtained for this energy; that is, 
gaseous Cs O is a reasonably stable mole-ale. Other M_0(g) molecules 
ha ve been experimentally judged to be reasonably stable also, though less 
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so than Cs^O or Li^O. It is believed that the main reason for the high 

degree of stability lies in the high polarizability of the larger alkali metal 

(14) 

ions, as has been suggested by Klemm and Scharf. 

The thermodynamics of the gaseous alkali metal oxides id summarized 
in Table 3, the heats of formation are second law heats and the entropies 
were derived from relative ionization cross sections and a pressure 
calibration. The uncertainties in the heats thus must be reflected in the 
TAS term and an additional uncertainty from the pressure estimates 
combined with it to give entropy uncertainties. Temperature errors 
during these studies are believed to be small. 


Table 3 

THERMODYNAMICS OF FORMATION OF CASEOUS ALKALI 
METAL OXIDES FROM GASEOUS ELEMENTS 



-ah t 

(kcal/mole) 

- ASp 
(e.u.) 

1 

T 

(°K) 

Li z O 

104. 8±1.4 

28. 7 

1 500 

Na 2 Q 

59. 3±2.2 

35. 9 

1100 

k e° 

58. 2±3. 7 

36. 8 

1050 

Rb 2° 

51. 4 ±3 

30. 5 

1100 

Cs 2 ° 

77. 1 ±6. 3 

34. 7 

1500 

Cs 2°2 

98. 6±6. 5 

53. 6 

900 

C sLiO 

(90) 




( 15 ' 

The L^O studies can be compared with those of White, et al . , v ' 

in which a very similar second law heat was measured but the entropy 

term was taken not according to cross sections but to Li_,0 transport in 

* c 

vaporization experiments. The latter approach apparently is the reason 
for the differences between the results obtained in the present experiment 
and the results of White, et al. 
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The data of Table 3 point out the stability of the alkali metal oxides 
and suggest a considerably different behavior for cesium and rubidium in 
fahout formation than had been suggested in the case of low oxide itability. 

A more complete description of the findings described above can be 
found in Refs 12 and 16 

CESIUM SILICATE STUDIES 

The results of cesium and rubidium transpiration studies have 
suggested that an oxidized metal sptcies is important, and the recults of 
mass spectrometric studies have pointed out the importance of ‘he oxide 

species of these metals. An attempt was made to correlate these studies 

by observing through mass spectrometry the molecules effusing from an 

iridium Knudsen cell in which cesium oxide was dissolved in a calcium 

aluminum silicate sample. Gaseous species recognized in this study weic 

Cl, C*,0, Ci.SiO., Ce-MoO., and CsIrO (where n c 3 and poseibly 
2 2 3 2 4 n 

less), .The Cs^MoO^ was from a molybdenum cell contaminant, 

Expecting the C* to be the dominant cesium gaseous species during fall- 
cut formation seems unrealistic, since it has been determined that the 
ceslum-oxygen bond energy is 69 kc&l/mole. This is sufficient reason to 
btlieve that ceeium in an oxidising atmosphere at temperature* of inter sit. . 
to fallout formation (1 000° to 2000°K) will tend to be bound to oxygen 
in some way, 

4 \ * 

On the basis of the mass spectrometric work performed, it appears 
that a molecule similar to the cesium silicate gaseous molecule may be 
important to fallout formation. Ceeium hydroxide should also be considered 
as a gaseous species possibly important in fallout formation. 


i 

l 

l. 

I 

i 

L. 
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CERIUM OXIDE STUDIES 


White, et a l. , reported the preeence of CeQ^g) in a etudy of the 
vaporisation of CeO^fe). The presence of this species has baen confirmid 
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in this Laboratory. In fact, when an iridium Knudsen cell initially 
containing Ce0 2 (s) was used, CeC> 2 (g) was the only species observed to 
be effusing from the cell. Over Ce 2 0 ? (s) the species CeO(g) has been 
observed, and over Ce.O both CeO(g) and CeO_(g) have been observed. 

d* JtX C* 

Measurement of the stability of Ce0 2 (g) by proper chemical manipulation 
is planned. 
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A CONDENSED STATE, DIFFUSION - LIMITED MODEL 
OF FISSION PRODUCT ABSORPTION IN FALLOUT 


In tha last report ,^ 1 it was stated that it seemed possible to construct 
a mathematical model employing diffuslvity as rate limiting in the absorption 
of fission products during fallout formation, A report has since been pre¬ 
pared which describes such a calculation*^ program. 'The basic calcu¬ 
lations involve a time-temperature stepping system with mass balances 
made at each step, in which the surfaces of all particles are asaumed to 
achieve equilibrium with the gas phase but the penetration of fission products 
into (or out of) the fallout particle is considered to be diffusion-controlled. 
This is done for a field of various - sized silicate fallout particles which 
are assumed to be nonvolatile, internally noncor.vecting, and nonaggloinera- 
ting, Fission products arc decayed after each time-temperature Htep, and 
up to six isotopes in a decay chain can be handled, Cloud temperatures 
are taken to be homogeneous in the sxpanding cloud volume, as also are 
particle distribution and gaseous fission products, Cloud volumes and 
temperatures axe provided to the system as step functions of time as deter- 
mined by the yield of the device, Fission product yields, cloud soil content, 
initial temperature, final temperature, and temperature intervals are also 
input information, 

Some of the results of sample calculations obtained using this progrem 
are also considered in this report, In the i e calculations examples of a 
refractory rnd a volatile chair, 95 and 1 37, respectively, were selected 
for study. The results should demonstrate “he difference in behsvior for 
ex,re: s cases with varying condition* und thus provide limits cn behsvior. 

In these sample calculations, fireball volume* were scaled according to 
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Miller's description; ' the standard amount of soil brought into the cloud 

was also scaled according to a description by Miller/ 13 ^ the standard 

n r. r tic 1 f d i strihnri nn wn « r|pvi*Upe^ from cnc used bv Miller; Henry's 

law constants were taken from Norman; experimental and estirr.ated 

diffusion coefficients were employed as measured or estimated in studies 

reported here and in a previous report; ^ initial fission product yields 

(19) 

were taken according to Crocker; half lives were taken from Crocker, 
Scheldt, and Conners,and total fissions were scaled as a function of 

i - , . . ..,, (18) 

weapon tission yield according to Miller, 

Several pregram variables were investigated in order to demonstrate 
the degree of dependence of the caiculational system on these variables, 

For instance, the variation of results with the size of the temperature 
Increment must be vanishingly small for the selected temperature incre¬ 
ment as smaller increments arc considered. Also, the variation of rosults 
with choice of initial *nd final caiculational temperatures should be defined, 
Finally, the fact that the particle size distribution employed is idcalized- 
that is, some selected radii represent all of the mass of the particies- 
wai considered. The so, points wera investigated ar.d seem to be satisfac¬ 
torily understood at is demonstrated in this report, 

This invsstigaUon demonstrated the effects of concern ed stale diffu¬ 
sion in a fallout caiculational model embodying this phenomenon, it is 
interesting to co’nparo results using this system with the Miller modei/*^ 
where diffusion is dsetned infinitely fart above 16?3°K and nogligibly slow 
below this temperature. For the case o: the highly absorbed nuclide chain, 
the only noticeable difference is that the calculations for tha larger particles 
in the diffusion-controlled model suggest that equilibrium conditions may 
not be attained by the so particles during fallout formation. Equilibrium 
conditions arn essur.ied by Miller. In the caso of a volatile chain, tbo 
diffusion model predicts an absorption behavior which varies with panicle 
* 

Miller, C. F, , private communication, November 1V b 5. 
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size. Miller's model assumes no absorption difference with particle size. 

In the diffusion model, cooling rate will slightly affect absorption, while in 
Miller's model it will affect absorption only to the extent that this quantity 
interacts with fission product decay. Radial concentration gradients are 
predicted and demonstrated in the calculational report within a fallout 
particle with the diffusion model, while with Miller's model there are no 
concentration gradients within a particle, only at the surface of the particle. 
It seems reasonable to state that the diffusion model provides a more reveal 
ing and perhaps a more accurate calculational tool for considering fallout. 

It is, however, a limited model, and the assumptions underlying the develop 
ment of the model should not be ignored. 







ELECTRON MICROPROBE STUDIES 


During the present reporting period, electron microprcbe studies 

on sectioned collected fallout were continued, Previously, inhomogeneities, 

examples of accretion events, and lead coats for particles from shot 

( 2 ) 

Johnie Boy had been demonstrated. .ib a result of those studies, it was 

proposed that an Eniwetok detonation that was aeeded with varioua minerals 
be investigated specifically to determine the distribution of these minerals. 
The results of this investigation are described below, 

On the ground under a relatively small tower shot, large quantities 
of the minerals KAlSi-Og, BaSO^, Si0 2 , Ti0 2 , and ZrSiO^ were spread. 
Those minerals wore incorporated into the nuclear cloud and became 
distributed in the fallout from this cloud. A bottle of coral aand ana fallout 
was obtained from C. E. Adam* of USNRDL for the purpoee of studying 
the seeding elements in the fallout. 

Fallout particles in the coral aand could be recognieed using auto ¬ 
radiographic techniques, By using these techniques and developing some 
familiarity with the appearance of fallout particle a, rr.oet of the radioactivity 

in the sand could be selectively removed with a relatively small numbar of 

60 155 

particles, A total of 75% of the Co , 55% of the radioisotopes (Eu , etc, ) 

1 37 

causing the 0 , 080 MeV radiation, and 17% of the C* ' was removed in this 
137 

fashion. The Cs appeared to be rather generally distributed in the 

coral sand as if it ware mainly deposited on the sand itself, This might 

137 137 

have occurred when Xe decayed to Ci and deposited on the sand or 

poeeibl, on some tarry material which later became associated with the 

band, (A tarry, HC1 insoluble material wai found to contain considerable 
137 












Tnree types o: fallout particles were recognized: 

1. Black spheroidal particles, often ceramic coated 

2. Ceramic anheroidal partirlpa vnri-^n color. Several particles 
were often r ound fused together. 

3. Irregular ceramic Darticles where coral sar.d had apparently 
been exposed to a heat (and fission product) flux but net to the 
extent that the particles totally melted, 

The irregular particles were more numerous than the ceramic 

spheroids ar.d the ceramic spheroids were much more numoious than the 

black spheres 1 in a given sample, they v. u-e found in the ratio 1 6 0; 1 3 0; 30, 

respectively. Of the radioactivity in the described sample, the black 

spheroids contained 25%, 40%, and 4%, the ceramic spheroids 32%, 17%, 

and 5% and the ceramic irregular particles 18%, 9%, ar.d 7%, respectively, 

of the isotope Co^°, the isotopes giving tie 0. 080 MeV y, and the isotope 
„ 137 

CS . - 

Microprobe studies supported the bolief that the irregular particles 
were partially fused coral sand, The surface layers of these particles 
generally contained tower iron in the form of iron droplets and/or a 
diffuse surface layer of this element, Tha seeding elements, potassium, 
aluminum, barium, sulphur, silicon, titanium, and eirconiumi JWere dis¬ 
covered in these particles only ir. very small amount* near the miflce. A photo 
micrograph of ar. irregular particle highly loaded with iron is shown in 
Fig, 23a, Figure 23b is an electron backecatter microprobe picture and 
Fig, 23: is an Fe microprofce picture of the same particle, The micro¬ 
probe pictures are taken by scanning an exciting, highly focused electron 
beam over the surface of the particle and photographing the face of an 
oscilloscope, where the particle response to the exciting electron beam 
is presented a* a function of position on the face of the particle, In 
Fig, 2 3b, the intensity of thu backscattaiud electron signal car, be observed, 
This signal is a sensitive measure of the molecular weigh,t and topogiaphy 
of the spocios being bombarded. In Fig. 2.ic, the intensity of the X-ray 
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I'ig. 23, Photographs of a sectioned irregular particle : 
(a) photomicrograph: (b) electron back scatter picture, 
field -v250 x 250 p (all rr.i; roprobe pictures are this 
field unless otherwise stated); (c.) Fe picture 
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rod'oticr. from iron 1* sample in presented on the scope u t 

a Junction of electron beam position. 

The results shewn in Fig. 23 provide a good description of >he 
particle. Thi microphotograph indicates a brilliantly white particle core 
surrounded by a darker band of material which is in turn surrounded by 
the mounting resin. The particle core has been found to be a material 
with a high calcium content (C aCOy CaO, or CatOH) ? ). The electr n 
backscatter picture is presented mainly to demonstrate the boundaries of 
the particle. The: Fc K picture was taken with the sample oriented 
identically as in Fig. 23b, so that superposition of these two pictures 
provides proper positional information. Note that the high iron areas 
near the /surface seem to be coated. Also, the pretence of some iron-rich 
spheroids in the iron layer is apparent. This particle thus would seem 
to represent an incompletely melted grain of coral aanci, bombarded first 
with tower debris and then coral sand debris. A more typical irregular 
particle would not exhibit as much iron or aa heavy a final calcium coat. 

Another iron Boundary ia demonatrated in the Fe X Q picture of 
another particle with a high iron content shown in Fig. 24. This picture 
clearly demonstrates the frequently encountered directional nature of the 
iron coating. 

The ceramic spheroids possessed very many more particle structure 
featurea than the irregular particle*, but these particles alio did not 
contain sufficient quantities of seeding elements to warrant extensive 
study The particles shown in Figs. 25 through 20 are interesting 
ex am plot; of mis typo of particle. 

The bright area in Fig. 25a appears to be similar to the central 
regions of the particle in Fig, 23a and corresponds to a high calcium phase. 
Two darker spherical-appearing portions at cither end of the particle ana 
ether irregular features can bo distinguished in Fig, 25a, Tho portions 
of the particle with high electron backscattering are shown in Fig. 25b; 
the iron distribution in the particle is ahown in Fig, 25c. The two large, 





















L'ig. 26- - Photograph* of a sectioned “spheroidal coramie '' particle 
(a) microphotograph; (uj Ca picture; (c) F'e K a picture 













L ig ■ 27, Photographs of a sectioned "spheroidal iiummic 
particle: (a) inicrophotograph; (b) electron back sculler 
picture, (c) Ca l\ Q nicture, (d) Fe picture 
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Fig. 28, Electron back *catter picture of a sectioned 
''aphe r oldal ceramic 1 particle 
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iron-rich spheres see;) in the ir.ic rr.nhr.tr. £*•»»?>. -> r ? z'.zz 
Fig. 25c. This Fe picture definitely iridic a. 1 ’es the importance of 
agglomeration processes occurring in fallout formation. 

Figure 26 also demonstrates *he agglornerative phenomenon in 
fallout. Mote that in these pictur-s the boundaries of the particle extend 
beyond the high iron areas. Also, spherical iron inclusions can be seen 
in the particle (as can some iron inclusions that are not spherical). 

Figure 27 shows another particle which has experienced a high 
degree of agglomeration. The Fe K and CM K pictures art very 
representative of agglomeration of high Ca-Fe spheres in a calc ium-rich 
matrix. Again, the feeding element* could at beat barely be detected. 

Figure 28 li an electron backscatter picture of an intereating particle 
where two large, calcium-iron-rich spheroidal particle* agglomerated 
and then were coated by a high calcium phaae. 

A study of thla type of ceramic particle emphasizes the importance 
of agglomeration. Thnse particle* generally term to be agglomerated 
frora smaller particloa and often are coated with a high calcium phaae. 
While the particle* appear to have been mo.lton, it issmi obvioua that 
some solidification occurred before agglomeration. Particle solidification 
behavior according to the phaae diagram would he unlikely to reault in the 
spheroidal 2(CaO) • Fe^Oj inclusions observed. The lowest melting phase 
in the particles would appear to be the iron-calcium-containlng phase of 
which the spheroidal inclusions seam to be made. This might suggest that 
the presumably more refractory particle coating was acquired after 
solidification and particle agglorne ration oc curred. Certainly, much 
information about fallout formation phenomena can and needs to be derived 
irom ceramic particle studies such as those described here. 

Study of t.'.e black spheroidal particles provide* more Insight into 
th# fate of the sieding lenient*. Over 40 black spherical particle* have 
been subjected to microprobe Investigation. This group of particles can 
bo classified as two magnetite particles (Fe^O^) which are very low in 
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calcium and seeding elements; a few particles exhibiting very unusual 
features, such a; a rr.i'or accretion ►vmi nine well formed dense particle 
showing strong evidence of dendritic precipitation of a calcium [oxide) rich, 
phase; five more particles with many of the properties of the nine particles 
just described, bet generally not as well formed; and "he remaining 
particles, which appear to be to a great?’, or lesser d*-( j r ee porous pre¬ 
cursors of the well formed, dense, dendritic type p tides. Seeding 
elements have Leer, found in many of three particles, ar.d the well formed, 
dense particle* characterized by their dendrites are relatively rich in 
these element!. 

Further consideration of the dendritic-type particles yields very 
interesting information. The refractory seeding elements are found nearly 
uniformly distributed in the prominent 2(CaO) Fe^O^ phase of these 
particles, and '■he accompanying dendritic, high calcium (C&O) phase is 
found to be nearly devoid of seeding elements, as would be expected if it 
is a precipitated phase. Also, no td.6 particles appear to have the same 
concentratlona of seeding element*. The sending element* sulphur and 
potassium bahava somewhat differently from the refractory element* ant: 
generally seem to be found in segregated areas, often near the surface of 
a particle. Occasionally, one can distinguish seeding mineral* themselves 
For instance, barium was found to be more concentrated in an area near 
th« surface of a dendritic• type particle, where the sulphur content was 
also high, Spots of silicon wete also encountered The concentration': 
at which the seeding elements are present in the 2(CaO) • Fe^O^ phasr of 
these particle* generally range up to a few percent for a particular 
element. Some of these particles contain several of these elements in 
relatively high concentrations, 

In Figs, 29 / 30, and 31 the progression from porous, cracked 
particles to dense, dendritic-type particles is shown, The particle shown 
in Fig. 29 appears to be severely cracked and ha* a lorge tear hole in tire 
center The cracke are apparent even In the La K picture, where cracks 
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Fig, 31, Photographs of a sectioned dendritic black spheroidal 
particle: (a) microphotograph; (b) Ca picture; (c) Fo K a 
picture; (d) S. K Q picture 
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Fig, 31. Photographs of a *erHoned dendritic black spheroidal 
particle: (<■) Za picture; (f) ’I i Kq, picture, • g) Ba 1,^ 
picture; (h; S K .. picture 
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Fig, 31. Photographs of a sectioned dendritic black 
spheroid**! particle: (i) Cl K a picture; (j) K Kq, picture 
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must be fairly deep before they can be observed. Note that the tear hole 

detail does not appear clearly in the Ca picture but does in the Fe 

picture. In the 3i picture of this particle, a few small high-silicon 

specks appear on the sectioned face. Figure 30 shows a particle with few 

dendrites, some cracking, and silicon spots. The silicon, however, does 

show some tendency toward homogeneity. The particle shown in Fig. 31a 

exhibits a well formed dendritic structure. Most of the seeding elements 

have been easily detected in this particle. Figures 31b through 31 j show 

elemental distributions. The Ca K picture and the Fe K picture indicate 

a a 

that the dendrites are a calcium-rich, nearly iron-free phase (CaO), while 
the matrix is apparently a 2(CaO)- Fe^O^ phase. The dendrites suggest 
that the particle, whose total composition is rich on the CaO side of 
2(CaO)- Fe O , was at one time molten. On cooling, the CaO dendrites 

u J 

probably precipitated until reaching the temperature at which the . ectic 

matrix solidified. The eutectic matrix is indeed close to 2(CaO)- Fe O 

(21 ) 

in composition. The refractory seeding elements silicon, zirconium, 

titanium, barium, and aluminum (not shown) have been found in the 
2(CaO) ■ Fe O n pnase and, within the sensitivity of the probe, are rot found 

u J 

in the CaO phase. This does not seem to conflict with the proposed mode 
of formation. The seeding elements potassium and sulphur (and chlorine) 
have also been traced in this particle. These elements are associated with 
a surface feature; the potassium and chlorine also appear together in one 
spot internally in the particle; and chlorine in particular appears to some 
extent in spots throughout the particle. These latter two features are 
in conflict with the statement that the whole particle was molten. However, 
since the particle structure is so well defined, it is perhaps plausible that 
the high potassium and chlorine spots are a contamination problem. The 
surface feature containing the sulphur, potassium, and chlorine has 
probably been agglomerated and is not inconsistent with the previous 
melting argument. If t' melting argument is accepted for the case of 
this particle, it is easy to believe that the particle in Fig. 29 did not 
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experience this phenomenon since it does not exhibit a well formed 
dendritic structure and the distribution of the silicon is uneven. 

Figure 32 shows more detailed pictures of a repolished surface ot 
the particle shown in Fig. 31. Whereas most of the microprobe pictures 
in this report were taken of a 250-p square, these pictures were taken of 
a 50-p square. The Ca pictures demonstrate the difference in the 
calcium concentrations found in the matrix and the dendrites. The Fe K 
picture indicates that the dendrites are low in iron. The Si and the 
Ti pictures suggest a high distribution coefficient for these elements 
favoring the iron phase. The Zr L,^ and Ba pictures might seem to 
suggest a slightly lower distribution coefficient, as there is measurable 
response from the low iron areas; however, much of this signal appears 
to correspond to background. Some correspondence between barium and 
sulphur (BaSO^) is demonstrated in these pictures at the surface of the 
particle, where the barium and sulphur signals are high. Note that sulphur, 
a volatile element, is not detectible except at the surface of the particle. 

In Fig. 33 the particle with the most extensive dendrite structure 
encountered is shown. These apparently hexagonal, Christmas-tree-like 
dendrites are also a high calcium, low iron phase. Whib- this particle is 
not highly loaded with seeding elements, it is apparent in the high magni¬ 
fication pictures of some of the dendrites that at least silicon and titanium 
are associated with the 2(CaO)- Fe^O^ phase. In the lower magnification 
pictures the agglomerated and small high iron particles in the coating are 
noteworthy, as is the dendritic structure. 

The information on elemental composition derived in the study of 
the black spheroids is summarized in Table 4. 

There would seem to be two processes by which the seeding elements 
could be transported to an incipient fallout particle during fallout formation: 
(1) condensation from the gas phase and (2) agglomeration of particulate 
matter by a fallout particle. Occurrence of either of these processes while 
' h-n fallout particle matrix was molten and very mobib' could lead to nearly 
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fig, 32. Photographs of a scollonud dendritic black spheroidal 
pr.vticle. (e) Zr L a picture; (0 T1 K a picture; (g) Da L Q 
picture; (h) S K„ picture 
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tographa of a do.idrltlc black apheroidal particle 
ture; (f) Si K Q picture; (g) Tl K a picture 
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homogeneous distribution of refractory seeding elements in the fa'llout 
particles. However, if the gas phase condensation is the important process, 
the gases in this case were certainly not uniformly mixed, since the 
particles are generally not similarly loaded. While it is reasonable that 
the gas phase was not uniform, it seems at least likely that most of the 
refractory seeding elements have been absorbed into the molten particle 
mainly by the process of agglomeration. This is strongly indicated by the 
spots of seeding elements in the particles which apparently have not 
experienced as drastic a thermal history as have the well formed, dendritic 
particles. 

It is enlightening to reconstruct the histories of the various particles 
studied. First, the magnetite particles, which should have a melting point 
of around 1870°K, apparently were not exposed to much hot coral. They 
must have been formed from the tower and remained in a region essential!''' 
devoid of calcium. It is thus likely that these particles were thrown out 
of the fireball at early times. The well formed dendritic particles 
encountered considerable amounts of material from the tower and also 
from the ground. They must have been completely molten (the melting 
point of 2(CaO) • Fe^O^ is 1450°K^ for a relatively long time to uniformly 
pick up seeding elements. The well formed, large dendrites would seem 
to indicate relatively slow cooling rates. The observed coatings apparently 
were laid down after the particles were formed. Other black particles 
which have small spots of seeding elements rather than dissolved, well 
distributed large quantities and lack the well formed CaO dendrites, were 
therefore probably exposed to lesser temperatures for shorter times 
when the seeding elements were incorporated. The melted, high calcium 
particles must have encountered a high thermal flux, but the seeding 
elements were apparently overwhelmed by the amount of coral sand 
available in the formation of this type of fallout particle. The irregular, 
high calcium particles were only partially melted, apparently having 
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been exposed to the mildest temperature histories of any set of recognized 
fallout particles. 

To summarize, it is apparent from the studies discussed above 
that one should expect to observe particles from a nuclear detonation 
near a land surface which have widely different compositions reflecting 
the inhomogeneities of the land surface, inhomogeneities in the cloud, 
and a considerable degree of agglomeration. 
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SIMULATED FALLOUT STUDIES 

Since the diffusion-condensation model will require some leaching 
phenomena description, it '.vat decided to .nvo'tigate this problem, A 
curoory study was initiated using silica,e £ with radioiodine tracer. The 
leaching data, which are preaemeci in thi» aecUctn, thus pertain to a 

Special caee : a refractory matrix containing homt goneously distributed 
radioiqdine. 

• A portion of the glass was powdered, passed through a 1 00-mesh 
screen, and dried at ~ , 190°C, Weighed sample* wop* placed in double 
thickness No, 42 WhatmsjvfilUr papers which were supported in funnel* 
equipped for aliquoting from the tip. Periodically, 5 ml of leachant were 
added following drairing of the previous leachant, and the aliquot was 
made up to f'Q ml and gemma analysed using reproducible geometry. 
Leaching was carried out at room temperature without agita tion. Because 
of the low leaching rates, Initial leaching times were about 20 min, with 
the longest experiment lasting 2 days. This interval would atom to bs the 
most important biochemically following ingestion of particles. 

The following four leachant# were used: 


Lecchtnt 

m 

Remark* 

HC1 

? 

Td represont the human stomach 

Tap watci 

■ 8, 3 

Colorado River water 

Deionized water 

7 

To rapreseiu rain water 

NaOH 

10 

For comparison 


Since a surfr.ee area measurement has not been obtained for the prepared 

•C 

sample, the results can only be placed on a reciprocal we^ht baei« at 
this time. By photomicrography, the particles were found to be roughly 
100 v in "dinmerer. " 


&X ! ' 





The leaching data are shown in Fig. 34. It was at first felt that the 

mechanism of leaching might oe diffusion-limited t"ansport of the leachant 

into the matrix or of radioiodine out through the leachant. If this were 

the case, since only about 1% of the activity was removed, leaching should 

1/2 

be proportional to t (Fick's law). This dependence was not observed. 

However, the data can be described by the Elovich equation, which has 

(?Z) 

found wide application in chemisorption:' 


— = a exp(-aQ) 


(9) 


where Q is the amount of material desorbed (sorbed), t is time, and a and 
Of are constants at fixed temperature. By assuming that Q = 0 when t = 0, 
the integrated form can be written 

o;Q = log e (1 + aat) . (10) 

The present data can be fitted to Eq. (10) by using the values of a and a 
given in Table 5. 


Table 5 

COEFFICIENTS FOR THE ELOVICH EQUATION AT 30G°K 


Leachant 

, -2 
a x 10 

lrt 3 

a x 10 

pH = 7 

3. 33 

2. 33 

pH = 10 

2. 32 

1. 25 

pH 2 

S. 77 

1. 08 

Tap water 

6. 62 

1. 15 


The data fitted in this manner are shown in Fig. 35, where it is 

seen that ineir agreement with the Elovich equation is good. Leaching 

12*1 pr\ 

data reported by other laboratories' " can also be fitted to this 
equation. The fact that leaching data can be fitted to the Elovich equation, 
at leas' for short times, should be regarded as a phenomenological result 
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Fig. 34. Leaching of radioiodine from powdered 1450°K eutectic 
CaO-Al O -SiO doped with 1^31 

u J Ct 
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2 


3 


4 


LOG ( 1 + *at) (t IN MIN) 

Fig. 35. Leaching of radioiodine from powdered 1450°K eutectic 
CaO-Al O -SiO . The data have been fitted to the Flovich equation 

u J u 
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since the 100-p particles wore leached & depth cf about 0, l u durina the 

tap water leach. The true leaching mechanism ie not understood, Douglas 
. _ (261 . 

ana Kaman, ' ' lor instance, :ound a change In leaching mechaniem from 

t^ to a linear time dependency for leaching of sodium and potassium 

from ailicatbC. It also seems possible that the mechanism depends upon 

the opecieo being leached, The pH dependence of leaching found in the 

present work is ir. good agreement with dependences found by other 
(27,28) 

autho rs. 


-FALLOUT EART1CLE STUDIES 

The condenseJ-state, diffusion-limited model of fission product 
absorption during fallout formation suggasts that tha concentration gradients 
of aoma radlonuelidei are very sharp. This In the result expected for 
radloeecium. for example. The Importance of diffusion senna to ba 
confirmed by the curaory axparimant daacribad below. 

Some large silicate fallout particles from shot Johnie Boy (auppllad 
by U3NR.DL) ware microscopically examined and divided into two sere; 
coated particles and unct ited particlaa, Threa particles were selected 
from the uncoatad set for an experiment. Their gross appearance was that 
of a somewhat inhomogeneoui. dark glass with obvious nodulas of white 
nutsrial on the surface. Radii, r Q . were about 0. CS cm. The presence of 
radloceslum in the particles was established by gamma analysis using a 

n? 

multichannel analyser and a Cs standard for refarence. Altar the 
particle a were lrauhsd fox 1 hr with 19% HC1, no significant loss of 
caelum was obie/ved, Leaching studies were then made using 5% HF 
with subsequent washing, drying at 110°C for 1 hr, gamma analysis,. and 
weighing on a microbalanoa, Microscopic examination of the particles 
throughout this process showed a continuous, but not uniform, radial attack, 
Thu experiment was concluded when the specimens lost their integrity. 
Results obtained in this experiment are shown in Table 6 whers the 
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relative average concentration, C, of cesium in the leached section is 
presented cO n tauCuiiikau a rCi »|n , t , given by the 

weight loss. A concentration gradient is apparent in this tablo. Although 
this gradient seems small comparod with the model calculations, if a 
uniform attach ia assumed, it appears basically to support the model 
phenomenology. 

Table 6 

COMPOSITE Ca 137 PROFILES IN THREE 

JOHNIE BOY PARTICLES 


0 , 973 


0 , 921 
0 . 880 


• S I 4 | I « « 


CLOUD CHEMISTRY PHENOMENOLOGY 

Since Us inception at General Atomic, the present program has had 
as a goal the understanding and simulation of nuclear cloud chemistry. 

Studies have Included measurements of the thermodynamics of condensed 
and gaseous phases, condensed state diffusivities, and elemental die- 
trlbutione in fallout. Investigations have been made of the kinetic proceesee- 
agglomnration, condensation, and gaseous diffusion. Also, the reported 
mathematical fallout chemistry model has been constructed aa a portion 
of this program. 

These same phenomena appear to be the most important for future 
study. The proposed calculational model requires testing against fallojt 
observational information, the effects of other phenomena must be evaluated 
critically, and further input information is needed to permit the appropriate 
calculations. 


: V -. W} * * *~r iz - tv ■ 

















1. 


n r>i« r' 'i - * tw r* 

i-< A' Aid i\^nvj al w-J 


Norman, J. H. , and W. E, Bell, "Fallout Studite, High Temperature 
Interaction* Between Gaieoue Fiaeion Product* and Liquid Silicate*, " 
Final Report, Office of Civil Defense Report GA-4278, General Atomic 
Division, General Dynamic* Corporation, May 24, 1963 
2, Norman, J. H. et al . , "Fallout Studio*, Cloud Chemi*try, " Final 
Report, Office of Civil Defence Report GA-6094, General Atomic 
Division, General Dynamics Corporation, 1965. 


3. Norman, J. H. , and P. Winchell, "Cloud Chemistry of Fallout 
Formation" in Proceeding!/Part 1, Fallout Phenomena Svmpoeium . 

U. S. Naval Radiological Defenae Laboratory Report No. USNRDI.-R 
L L-177, June 1966. ' ‘ 

4. Merten, U, , J. Phya, Chem, 63, 443(1939), 

5. Norman. J , "Henry 1 * Law Conaunta for Dissolution uf Fi»*ion 
Products in Silicate Fallout Particle Matrix, " U- S. Naval Radio¬ 
logical Defer.*# Laboratory Report GA-7058, General Atomic. DivUion, 
General Dynamic• Corporation, 1966, 

6. Korte, R. F. , and J. H, Norman, "A Calculational Model for 
Condeneed State Diffusion Controlled Fiaiion Product Abiorptlon 
During Fallout Formation, " U, 5, Naval Radiological Defenee Laboratory 
Report GA-7398, General Atomic Diviiion, Qeneral Dynamic* 
Corporation, 1966, 


1 


6a. Dixon, W, J, , and J', J, Maeaty, Introduction to Statletlcal Analyle , 
McGraw-Hill Book Company, Inc., New York, 1931. 

7. Shewmon, P. G. , Diffueion in Solid* , McGraw-Hill Book Company, 

Inc. , New York, 1963., 

8. Ruetechl, P. , Z. Physik, Chem . 14, 277 ( 1956). 

9. Levi, D, L. , Dlacuaatone Farad, Soc . *2A , 152 (1946). 

10. Cartledge, G, H. , Jj_^m_Chem^So£. 5_2, 3076 (1930). 


79 


■' vr 

’> Vi- 


»' "T " 

04' 


m 




' -• * M 1 


a rt r ri nrw-tvngy.T; ,• 




i r _ .t--' cre# 

lit? .■._/*> rvy^Suri. ’nr'- ■igtv, 


• A; 













11. Ralkova, J. , Silikaty 6, 258 (1962). 

12. Norman, J. H. , and H. G. Staley, "Knud sen Cell Measurements 

to Determine the Stabilities of Gaseous Cesium and Rubidium Oxides," 
Proceedings of the Fourteenth Annual Conference on Mass Spectro¬ 
metry and Allied Topics, Dallas, Texas, May 22-27, 1966 (to be 
published). 

13. Brewer, L. , and D. F. Mastick, J. Am. Chem. Soc . 7 3 , 2045 (1951). 

14. Klemm, V. W. , and H. J. Scharf, Z. Anorg. Allgem. Chem . 303 , 

236 (I960). 

15. White, D. , et al . , J. Chem. Phys. 39 , 2463 (1963). 

16. Norman, J. H. , and H. G. Staley, "Stability of the Gaseous Alkali 
Metal Oxides, " General Atomic Report (to be issued). 

17. White, D. , et al. , Thermodynamics of Vaporization of Nuclear 
Materials, International Atomic Energy Agency, Vienna, 1962. 

18. Miller, C. F. , "Fallout and Radiological Countermeasures, " 

Vol. I, Stanford Research Institute Project No. IM-4021, 1963. 

19. Crocker, G. R. , "Estimates of Fission Product Yields of a Thermo¬ 
nuclear Explosion, " U. S. Naval Radiological Defense Laboratory 
Report USNRDL-TR-642, 1963. 

20. Crocker, G. R. , R. C. Scheidt, and M. D. Connors, "Radionuclide 
Input Data for Fission Product Abundance Computations, " U. S. 

Naval Radiological Defense Laboratory Report USNRDL-TM-137, 

1963. 

21. Levin, E. M. , C. R. Robbins, and H. F. McMurdie, Phase 
Diagrams for Ceramists , The American Ceramic Society, Columbus, 
Ohio, 1964. 

22. Low, M. J. D. , Chem. Rev . 60 , 267 (I960). 

23. Ralkova, J. , and J. Saidl in Treatment and Storage of High-Level 
Radioactive Wastes , International Atomic Energy Agency, Vienna, 
1963, p. 347. 


30 




24. Bonniaud, R. C. Sombret, and F. Laude, ibid. , pp. 366-368, 
372-373. 

25. Clark, W. E. , and H. W. Godbee, ibid, p. 430. 

26. Hardwick, W. H. , ibid. , p. 353. 

27. Ralkova, J. , and J. Saidl, ibid. , p. 344. 

28. Voldan, J., and M. Palecek, Silikaty 1, 297 (1957). 


81 




ASS. 

Security Classification _ 


DOCUMENT CONTROL DATA • RAD 

(Security rleeelllcatlon a 1 title. body el abetroet and Indexing annotation mu at be entered when the overall report l« eletellled) 


I. ORIGINATING ACTIVITY (Corporate author) la. REPORT 1 ECURITY c laasification 

General Atomic Division Unclassified 

General Dynamics Corporation 2 b group 

San Diego, California _ 


». REPORT TITLE 

CLOUD CHEMISTRY OF FALLOUT FORMATION 
FINAL REPORT 


4. DESCRIPTIVE NOTES (Typa ot report and induaiva datia) 


5. AUTHORfS) (Laat n«n«. tint nama, initial) 


Norman, John H. and Winchell, Perrin 


C- REPORT DATE 


January 13, 1967 


ea. CONTRACT OR GRANT NO. 

N228-(62479) 67968 and N0022866C0403 

h. PROJECT NO. 


Ip. TOTAL NO. OF PACES 7b. NO. OF REFS 

81 29 


• a. ORIGINATOR'S REPORT HUMBERTS) 

GA-7597 


9 b. OTHER REPORT NO (S) (Any othat numbara that may ba aaaitnad 


10. AVAILABILITY/LIMITATION NOTICES 


Each transmittal of this document outside agencies of the U.S. Government must 
have prior approval of the Office of Civil Defense, Office of Secretary of Army. 


11. SUPPLEMEN TARY NOTE* 


13. ABSTRACT 



A transpiration method was used to measure Henry's law constants as a func¬ 
tion of temperature for cesium and rubidium dissolved in eutectic CaO-AlpO^-SiO^. 
Diffusivities of cesium, rubidium, potassium, sodium, indium, tin, and iodine in 
this matrix and other matrices were determined with either a vaporization method 
or a plane source-sectioning method. Results of calculations obtained by using 
Henry's law constant absorption, condensed state diffusion-controlled calculational 
model for fission product distribution in fallout are presented. This scheme leads 
to the conclusion that fission product fractionation is mainly a property of the fall¬ 
out particle size distribution and the particle sizes under consideration. Also, 
deviations of these calculations from the Miller-model type of calculation are con 
sidered. The stabilities of the alkali metal oxides as determined by Knudsen cell- 
mass spectroinetric techniques are reported. The species Cs-O(g) and Cs^C^fg), 
in particular, exhibit a much higher degree of stability than has been supposed. 
Electron microprobe studies of particles from a seeded Eniwetok detonation are 
described. Thermal and chemical historiej of some particles are traced through 
dendritic forms, accretion events, occurrence of the seeding elements, etc. 
Results of some leaching studies, as they pertain to the condensed state diffusion- 
controlled, fission produce absorption model, are presented. 


DD . F ,r., 1473 


Security Classification 
















UNCLASSIFIED 


Security Classification 


Henry's law constants 

Fallout formation 

Thermodynamics 

Fission products 

Transpiration 

Alkali metal oxides 

Diffusion 

Silicates 

Fallout 

Fallout model 

Leaching 

Electron microprobe 


| LINK A 

LINK 0 

LINK C 

j ROLE 

WT 

ROLE 

WT 

ROLE 

WT 



INSTRUCTIONS 


1. ORIGINATING ACTIVITY: Enter the name and addreaa 
of the contractor, subcontractor, grantee, Department of De¬ 
fense activity or other organization ( corporate author) issuing 
the report. 

2a. REPORT SECURITY CLASSIFICATION: Enter the over¬ 
all security classification of the report. Indicate whether 
"Restricted Data" is included. Marking is to be in accord¬ 
ance with appropriate security regulations. 

2b. GROUP: Automatic downgrading is specified in DoD Di¬ 
rective 5200.10 and Armed Forces Industrial Manual. Enter 
the group number. Also, when applicable, show that optional 
markings have been used for Group 3 and Group 4 as author¬ 
ized. 

3. REPORT TITLE: Enter the complete report title in all 
capital letters. Titles in all cases should be unclassified. 

If a meaningful title cannot be selected without classifica¬ 
tion, show title classification in all capitals in parenthesis 
immediately following the title. 

4. DESCPIPTIVE NOTES: If appropriate, enter tne type of 
report, e.g., interim, progress, summary, annual, or final. 

Give the inclusive dates when a specific reporting period is 
covered. 

5. AUTHOR(S): Enter the namefs) of *uthor(s) at shown on 
or in the report. Enter lest name, first name, middle initial. 

If military, show rank and branch of service. The name of 
the principal author ia an absolute minimum requirement. 

6. REPORT DATE: Enter the dare of the report as day, 
month, year, or month, year. If more than one data appeara 
on the report, use date of publication. 

7a. TOTAL NUMBER OF PAGES: The total page count 
should follow normal pagination procedures, Le., enter the 
number of pages containing information. 

76. NUMBER OF REFERENCES: Enter the total number of 
references cited In the report. 

8a. CONTRACT OR GRANT NUMBER: If *>proprlate, enter 
the applicable number of the contract or grant under which 
the report was written. 

86, 8c, & 8d. PROJECT NUMBER: Enter the appropriate 
military department identification, such as project number, ' 
subproject number, system numbers, task number, etc. 

9a. ORIGINATOR'S REPORT NUMBER(S): Enter the offi¬ 
cial report number by which ibe document will be identified 
and controlled by the orlgir.au.ig activity. Thia number must 
be unique to this report. 

96. OTHER REPORT NUMBER(S): If the report has been 
assigned any other report numbers (either by the originator 
or by the sponsor), also enter this number(s). 

10. AVAILABILITY/LIMITATION NOTICES: Enter any lim¬ 
itations on further dissemination of the repcrt, other than those 


imposed by security clarsification, using standard statements 
such as: 

(1) "Qualified requeatera may obtain copies of this 

report from DDC.” 

(2) "Foreign announcement and dissemination of this 
report by DDC is not authorized. ” 

(3) “U. S. Government agencies may obtain copies of 
this report directly from DDC. Other qualified DDC 
users shall request through 


(4) "U. S. military agencies may obtain copies of this 

report directly from DDC Other qualified users 
shall request through 


(5) "All distribution of this report is controlled. Qual¬ 
ified DDC users shall request through 

tt 

If the report has been furnished tc the Office of Technical 
Services, Department of Commerce, for sale to the public, indi¬ 
cate this fact and enter the price, if known. 

1L SUPPLEMENTARY NOTES: Use for additional explana¬ 
tory notes. 

1Z SPONSORING MILITARY ACTIVITY: Enter the name of 
the departmental Froject office or laboratory sponsoring (pay¬ 
ing for) the rosear ch and development. Include address. 

13. ABSTRACT: Enter an abstract giving a brief and factual 
summary of the document indicative of the report, even though 
it may also appjar elsewhere in the body of the technical re¬ 
port. If additional space Is required, a continuation sheet shall 
be attached. 

It is highly desirable that the abstract of classified reports 
be unclassified. Each paragraph of the abstract shall end with 
an indication of the military security classification of the in¬ 
formation in the paragraph, represented as (TS), (S), (C), or (U). 

There is no limitation cn the length of the abstract. How¬ 
ever, the suggested length is from 150 to 225 words. 

14. KEY WORDS: Key words are technically meaningful terms 
or short phrases that characterize a report and may be used ns 
index entries for cataloging the report. Key words must be 
selected so that no security classification is required. Identi¬ 
fiers, such as equipment model designation, trade name, military 
project code name, geographic location, may be used as key 
words but will be followed t" an indication of technical con¬ 
text. The assignment of links, rules, and weights is optional. 


r*>0 CBS-55! 


UNCLASSIFIED 

Security Classification 













